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ABSTRACT 
Current s p a c e c r a f t  des ign  r e l i e s  upon microprocessor c o n t r o l ;  however, 
motors u s u a l l y  r e q u i r e  e x t e n s i v e  a d d i t i o n a l  e l e c t r o n i c  c i r c u i t r y  t o  i n t e r f a c e  
wi th  t h e s e  microprocessor c o n t r o l s .  Th i s  paper d e s c r i b e s  a n  improved c o n t r o l  
technique t h a t  a l lows a %mart" b r u s h l e s s  motor t o  connect d i r e c t l y  t o  a 
microprocessor c o n t r o l  system. An a c t u a t o r  wi th  "smart motors" r e c e i v e s  
a s p a c e c r a f t  command d i r e c t l y  and responds i n  a "closed loop" c o n t r o l  mode. 
I n  f a c t ,  two o r  more smart motors can be c o n t r o l l e d  f o r  synchronous opera- 
t i o n .  
SMART MOTOR TECHNOLOGY 
Today's e l e c t r i c  motors r e q u i r e  s u b s t a n t i a l  a d d i t i o n a l  equipment t o  
achieve "control led"  performance. These a d d i t i o n a l  i tems may include a power 
e l e c t r o n i c s  box, a servo e l e c t r o n i c s  box, encoders,  tachometers,  o r  potent io-  
meters. The use of these  "extras"  causes  system complexity and c o s t  t o  
inc rease .  
Stepper  motors and c o n t r o l s  have been in t roduced as a means of reducing 
complexity. The s imple r  s t e p p e r  systems, however, in t roduce  o t h e r  u n d e s i r a b l e  
c h a r a c t e r i s t i c s  such as s lower  speed,  h igher  power d i s s i p a t i o n ,  and ou tpu t  
l o a d  s e n s i t i v i t y  uhen compared t o  d c  motors and c o n t r o l s .  
Recent developments wi th in  t h e  motor indus t ry  now make i t  p o s s i b l e  t o  
combine advanced br~lshiess-motor technology, microprocessor c o n t r o l ,  and micro- 
processor  programmability t o  c r e a t e  a "smart motor." The smart motor possess- 
e s  i n t e r n a l  e l e c t r o n i c  c o n t r o l s  t h a t  a l low d i r e c t  i n t e r f a c e  between t h e  motor 
and t h e  s p a c e c r a f t  command system. This  e l i m i n a t e s  t h e  need f o r  expensive,  
heavy e l e c t r o n i c  c o n t r o l  boxes and e x t e r n a l  e lec t romechan ica l  devices .  
One s e t  of smart motor performance c h a r a c t e r i s t i c s  w i l l  now be described.  
The c o n t r o l  techniques  t o  be presented a r e  an  outgrowth of t h e  "dual d r i v e  
a c t u a t o r "  development e f f o r t  t h a t  was presented a t  t h e  16th  Aerospace 
Mechanisms Symposium i n  1362. The d u a l  d r i v e  a c t u a t o r  uses  a n  advanced 
brushless-motor conf igura t ion  t h a t  w i l l  be d i scussed  i n  d e t a i l  and then used 
i n  d e s c r i b i n g  smart  motor c h a r a c t e r i s t i c s .  
The dual  d r i v e  motor (Figure  1) is  produced f o r  t h e  J e t  Propuls ion 
Laboratory by Aeroflex Labs of Plainview, New York. The u n i t  c o n t a i n s  
i n t e r n a l  e l e c t r o n i c  c i r c u i t r y  ~lia'. provides  a rudimentary degree of opera t ing  
i n t e l l i g e n c e .  This  c i r c u i t r y  performs a l l  commutation f u n c t i o n s ,  thereby 
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p r o v i d i n g  a  "two-wire" e l e c t r i c a l  i n t e r f a c e  r e q u i r i n g  o n l y  r e v e r s i b l e  d c  
power f o r  o p e r a t i o n .  
F i g u r e s  2 and 3 show mechanica l  and e l e c t r i c a l  d e s i g n  d e t a i l s .  The r o t o r  
p o s i t i o n  s e n s o r  ( F i g u r e  2b)  is  a noncon tac t ing  mechanica l  assembly  t h a t  
pe r fonns  t h e  same f u n c t i o n  as t h e  b r u s h  set and commutator i n  a t y p i c a l  d c  
motor  
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F i g u r e  2. Motor mechanical  c o n s t r u c t i o n :  ( a )  r o t o r / s t a t o r  d e s i g n ,  ( b )  r o t o r  
p o s i t i o n  s e n s o r  
Magne to re s i s to r s  a r e  t h e  a c t i v e  s e n s o r  e lements .  These a r e  semiconductor  
r e s i s t o r s  t h a t  p rov ide  an  i n c r e a s e  i n  r e s i s t a n c e  when they  a r e  exposed t o  
i n c r e a s e d  magnetic  f l u x .  Thus t h e  p rox imi ty  of t h e  r o t o r  t a r g e t  t o  each  
m a g n e t o r e s i s t o r  governs  i t s  r e l a t i v e  r e s i s t a n c e .  The m a g n e t o r e s i s t o r s  a r e  
connected  t o  form t h e  l e g s  of a b r i d g e  network,  as t h e  t a r g e t  r o t a t e s ,  a 
s i g n a l  is g e n e r a t e d  from t h e  r o t o r  p o s i t i o n  s e n s o r  f o r  subsequen t  s i g n a l  
p roces s ing .  The t h r e e  magnets c r e a t e  a  th ree-phase  s i g n a l  g e n e r a t e d  from 
t h r e e  independent  b r i d g e  c i r c u i t s ,  t h e r e b y  producing  three-phase  c o n t r o l .  
A p o r t i o n  of t h e  p o s i t i o n  s e n s o r  c i r c u i t r y  is c o n t a i n e d  w i t h i n  t h e  
mechanica l  assembly, and t h e  remainder  of  t h e  c i r c u i t  is l o c a t e d  w i t h  t h e  
d r i v e  c o n t r o l  e l e c t r o n i c s  on t h r e e  p r i n t e d  c i r c u i t  boards  a t t a c h e d  t o  t h e  r e a r  
of t h e  motor. The d r i v e  c o n t r o l  c i r c u i t  c o n s i s t s  of f o u r  major  e l e c t r o n i c  
subsystems:  
( 1 )  A d iode  b r i d g e  c o n t r o l s  t h e  p o l a r i t y  of t h e  r e f e r e n c e  v o l t a g e  be ing  
a p p l i e d  t o  t h e  s e n s o r  c i r c u i t .  T h i s  v o l t a g e  p o l a r i t y  r e v e r s e s  when 
t h e  i n p u t  power p o l a r i t y  i s  r eve r sed .  The r e v e r s a l  c a u s e s  a  phase 
change of t h e  s w i t c h i n g  s i g n a l s  t o  t h e  a m p l i f i e r s ;  however, t h e  
d i o d e  b r i d g e  s i m u l t a n e o u s l y  a p p l i e s  a f i x e d  p o l a r i t y  v o l t a g e  t o  t h e  
a m p l i f i e r s  r e q a r d l e s s  of t h e  i n p u t  power p o l a r i t y  ( c u r r e n t  a lways  
f lows through t h e  motor i n  one d i r e c t i o n ) .  
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Figure  3. Dual d r i v e  motor c i r c u i t  diagram 
(2)  A diode vo l t age  r e g u l a t i o n  c i r c u i t  provides  a r e g u l a t e d ,  15-V power 
supply t o  t h e  comparator. 
( 3 )  The comparator r e c e i v e s  low-level (50 mV) swi tch ing  s i g n a l s  from 
t h e  r o t o r  p o s i t i o n  s e n s o r  and a m p l i f i e s  t h e s e  s i g n a l s  i n t o  h i g h e r  
l e v e l  swi tch ing  s i g n a l s  capable  of c o n t r o l l i n g  t h e  three-phase 
t r a n s i s t o r  d r i v e  c i r c u i t .  
( 4 )  The t r a n s i s t o r  d r i v e  c i r c u i t s  provide  t h e  three-phase (304) d r i v e  
pu l ses  t o  t h e  windings loca ted  i n  t h e  main motor s t a t o r .  These 
d r i v e  c i r c u i t s  a l s o  c o n t a i n  d iode cross-s t rapping,  which precludes  
s imul taneous  o p e r a t i o n  of more than one winding. 
The motor t h a t  h a s  been descr ibed is a d i r e c t ,  h igh ly  r e l i a b l e  replace- 
ment f o r  aerospace-qual i ty ,  d c  brush-type, permanent magnet motors. The 
dua l  d r i v e  motor h a s  on ly  rudimentary i n t e l l i g e n c e ,  making i n t e r n a l  c o m t a -  
t i o n  poss ib le .  But even wi th  t h i s  l i m i t e d  c a p a b i l i t y ,  t h e  dua l  d r i v e  motor 
avoids  t h e  shortcomings of brush-type motors (vacuum brush wear and poor 
h e a t  t r a n s f e r )  whi le  providing t h e i r  advantages  such as a s i m p l i f i e d  e l e c t r i -  
c a l  i n t e r f a c e ,  h igh s t a r t i n g  to rque ,  and lorpower/high-speed opera t ion .  
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The key element in the more advanced versions of smart motor technology 
is based on the fact that commutation means both knowing how to switch and 
when to switch. Smart motors achieve this electronically through the use of a 
rotor position signal that is processed within the motor, starting as a 
low-level, 50-mV signal and ending as a 30-V, high-current drive pulse. The 
rotor position sensor is a coarse, but accurate incremental encoder and it is 
possible to "tap into" the motor circuitry through appropriate additional 
electrical interfaces so that the commutation signal call be processed for use 
just as the signal from any auxiliary servo component can be processed for 
closed loop control. The internal motor circuitry can also be tapped at a 
point that allows direct control by low-level logic signals, typical of the 
output from a spacecraft command system. This direct control means the total 
elimination of the drive electronics box usually required on today's systems. 
SMART MOTOR FEATURES 
Incremental Positioning (Stepping) 
The two primary motor types used for spacecraft applications are high- 
speed dc motors and low-speed stepper motors. Each motor type has certain 
optimum applications. For example, the stepper motor drive usually provides 
superior performance when slow-speed operation is desired over a long period 
of time (e.g., solar array sun-pointing drives). Likewise, the high-speed 
dc motor (with appropriate gear reduction) provides superior performance 
when high torque and high speed are required (e.g., acceleration of very large 
inertias during deployment). Therefore, it would be very useful to have a 
motor that can be operated as an incremental (stepper) motor or as an analog 
(high-speed) motor. 
The dual drive motor circuit can be used to demonstrate how easily this 
can be accomplished. "AND" gate circuits may be inserted into the motor 
circuit between the comparator and the drive transistor pairs (Figure 4). Each 
"GATE" has multiple inputs and all of these inputs must be simultaneously 
positive for the comparator drive signal to reach the transistors. This makes 
commutation control possible from a low-level, external logic command applied 
to the second input of each gate. The pulse repetition rate of this external 
command can be adjusted to produce stepping motion at any desired speed within 
the limits of the motor electrical time constant (LIR). 
Motor shaft rotation will begin when both gate inputs become positive and 
will continue until the comparator switches to the next coil or until the 
external logic signal is terminated. The advantage of this scheme is 
twofold: (1)  failure to complete a step will not cause a torque dropout 
because as the sequential external pulses continue, full motor torque will 
again be developed, and ( 2 )  a long external pulse can be used without the 
danger of excessive power dissipation within the motor because the comparator 
input to the gate will drop to zero as soon as 60' of shaft rotation occurs, 
thereby terminating the drive signal 'to that transistor pair, regardless of 
the status of the external command. 
This technique allows a smart motor to be driven at a selectable pulse 
rate either by a series of manual commands from a mission specialist or by a 
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Figure  4. Incrementa l  p o s i t i o n  c o n t r o l  diagram 
sequenced command d i r e c t l y  from a s p a c e c r a f t  command system. Also, t h e r e  i s  
never a  danger of torque dropout when high-speed r o t a t i o n  is  d e s i r e d  because 
the incrementa l  command can a l s o  be supp l i ed  a s  a  simultaneous enable  s i g n a l  
t o  a l l  t h r e e  g a t e s .  Th i s  a c t i o n  w i l l  c a u s e  t h e  s t e p p a b l e  motor t o  o p e r a t e  
as a  normal dc  motor.. The smart motor can s t e p  o r  run a s  d i r e c t e d  by t h e  
s p a c e c r a f t  command system o r  miss ion  s p e c i a l i s t .  
Torque P r o f i l e  Control  
Proper o p e r a t i o n  of s t e p p e r  motors r e q u i r e s  c a r e f u l  a t t e n t i o n  t o  t h e  
magnitude of f r i c t i o n  and i n e r t i a  i n  t h e i r  d r i v e n  loads .  Because energy is  
added t o  t h e  d r i v e n  load t o  cause  motion and must then be removed t o  s t o p  
t h e  motion, s t e p p e r  motor c o n t r o l l e r s  u s u a l l y  apply a  f ixed-dura t ion ,  ramped 
d r i v e  p u l s e  t h a t  i s  p r e s e l e c t e d  t o  provide t h e  d e s i r e d  performance f o r  a  speci -  
f i c  load.  The pu l se  d u r a t i o n  i n t r o d u c e s  motion and i s  a p p l i e d  con t inuous ly  
u n t i l  motion ceases .  
Smart motor des igns  can accommodate an a d d i t i o n a l  c a p a b i l i t y  t o  vary the  
magnitude of each d r i v e  torque pulse.  Th i s  pulse  width modulation technique 
i s  achieved by us ing a th ree - inpu t ,  three-gate  "AND" c i r c u i t  a s  shown i n  
Figure  5. Two of t h e  i n p u t s  a r e  opera ted a s  p rev ious ly  desc r ibed  f o r  
incrementa l  motion, and t h e  t h i r d  inpu t  t o  each g a t e  r e c e i v e s  a  cont inuous  
s t r i n g  of pu l ses  a t  a freqdency t o  provide  a  pu l se  d u r a t i o n  g r e a t e r  than t h e  
motor e l e c t r i c a l  time c o n s t a n t ,  but a l s o  s i g n i f i c a n t l y  h igher  than t h e  
BOARD " B "  
----------- BOA RD "Ag' ---------- 7 
FROM A 
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Figure 5. Torque p r o f i l e  c o n t r o l  diagram 
frequency of t h e  incrementa l  motion command being app l i ed  at. t h e  second inpu t  
t o  each ga te .  The pu l se  width duty c y c l e  of the  t h i r d  input  determines t h e  
t o t a l  "ON" time f o r  each t r a n s i s t o r  p a i r  and thereby c o n t r o l s  t h e  t o t a l  amount 
of energy a p p l i e d  t o  the  load dur ing each s t e p .  The torque developed by a  
motor is d i r e c t l y  p ropor t iona l  t o  c u r r e n t .  Therefore ,  i t  is  p o s s i b l e  t o  u s e  
a ~ e r i e e  r e s i s t o r  w i t h i n  t h e  motor c i r c u i t ,  similar t o  t h e  dua l  d r i v e  cur ren t -  
sens ing  r e s i s t o r ,  t o  provide a  c u r r e n t  feedback s i g n a l  t o  t h e  c o n t r o l  system. 
This  w i l l  p rovide  a  d i r e c t  measure of t h e  torque being g e n e r ~ t e d  by the  
motor. The independently c o n t r o l l a b l e  pu l se  width modulation wi th  c u r r e n t  
feedback w i l l  a l low t h e  motor torque p r o f i l e  t o  be t a i l o r e d  t l  any d e s i r e d  
f u n c t i o n  w i t h i n  t h e  limits of the  motor. 
Mul t iun i t  Synchronizat ion 
Synchronizat ion of t h e  motioa of two o r  more smart  motors is a l s o  pos- 
s i b l e  and is achieved by s imul taneously  app ly ing  t h e  same s t e p  command 
t o  each r e s p e c t i v e  smart motor g a t e  (Figure  6) .  The commutation s i g n a l s  from 
a11  motors a r e  then monitored wi th  an  e x t e r n a l  "OR" g a t e  c i r c u i t .  The output  
of t h e  "OR" c i r c u i t  c o n t r o l s  t h e  i n i t i a t i o n  of the  next  s e q u e n t i a l  s t e p  
command, which cannot occur u n t i l  t h e  monitored conmutation s i g n a l s  i n d i c a t e  
completion of  t h e  previous  s t e p  f o r  a l l  indeprnci2nt u n i t s .  
Power w i l l  cont inue t o  be a p p l i e d  t o  any motor t h a t  h a s  not  completed 
t h e  c o u n d e d  s t e p .  As each i n d i v i d u a l  u n i t  completes t h e  s t e p ;  however, i t s  
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Figure 6. Multiunit synchronization: (a) three-motor diagram, (b) motor 
.itternal circuit diagram 
p o s i t i o n  sensor  w i l l  au tomat ica l ly  shu t  power o f f  and i t  w i l l  wa i t  f o r  t h e  
o t h e r  u n i t s  t o  c a t c h  up, This  permits  the  use of independent motors w i t h  
d i f f e r e n t  output  loadings  ye t  provides  synchronous motion wi th  never more than 
a s i n g l e  s t e p  d i f f e r e n c e .  
Analog Rate Control  
Incremental  motion c o n t r o l  ( s t epp ing)  of the  smart  motor, a s  desc r ibed  
above, r e p r e s e n t s  one of t h e  methods of r a t e  c o n t r o l .  There a r e  o t h e r  c o n t r o l  
techniques  t h a t  w i l l  a l low t h e  smart motor t o  o p e r a t e  ss a n  analog (high- 
speed) motor wi th  v e l o c i t y  c o n t r o l .  F igure  7 shows a c o n t r o l  method t h a t  
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EXTERNAL RATE CONTROL MODULE 
r-I 
I MONO-STABLE O A  L- M. V. I 
121 - -lAT,-- 
Figure  7. Analog r a t e  c o n t r o l  diagram 
w i l l  c o n t r o l  r a t e  w i t h  a  broad t o l e r a n c e  of approximately 10 percent .  T h i s  
c o n t r o l  technique u s e s  t h e  "AND" g a t e  d i scussed  p rev ious ly  and t h e  o u t p u t  
s i g n a l  from one phase of t h e  motor c i r c u i t .  The motor c o n t r o l  provided by 
t h i s  technique w i l l  r e s u l t  i n  a sawtoothed v e l o c i t y  p r o f i l e .  The motor w i l l  
t u r n  "ON" when a  minimum speod t h r e s h c l d  is reached and t u r n  "OFF" when a  
meximum speed t h r e s h o l d  i s  exceeded. 
A more p r e c i s e  r a t e  c o n t r o l  can  be achieved through t\ e u s e  of pulse- 
width modulation of t h e  d r i v e r  s i g n a l  similar t o  t h e  to rque  c o n t r o l  technique 
previously  d iscussed.  Th i s  technique w i l l  provide  only  t h e  power necessary  t o  
main ta in  t h e  d e s i r e d  v e l o c i t y .  With a v a r i a b l e  l o a d ,  t h e  pulse-width 
modulation w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  load ,  thereby providing more 
power wi th  l o n g e r  d r i v e r  p u l s e s  a s  t h e  motor speed t ends  t o  dec rease  because 
of t h e  added load.  Th i s  h igh-eff ic iency method f o r  r a t e  c o n t r o l  would be 
very  d e s i r a b l e  f o r  l a r g e  power u n i t s .  
With pulse-width modulation, t h e  power t r a n s i s t o r s  a r e  s t i l l  used i n  t h e  
swi tching mode and a r e  h igh ly  e f f i c i e n t .  The power a p p l i e d  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  pu l se  dura t ion .  With heavy loads ,  t h e  pu l se  width w i l l  
i nc rease  t o  provide t h e  necessary  to rque  t o  genera te  power. Conversely, w i t h  
l i g h t  loads ,  the  pu l se  width w i l l  decrease  t o  provide only  t h e  power necessary  
t o  mainta in  t h e  ve loc i ty .  
The u s e  of a  pulse-width modulation f o r  power c o n t r o l  is s u i t a b l e  f o r  
high-accuracy c o n t r o l  systems t h a t  i n t e g r a t e  t h e  e r r o r  s i g n a l  wi th  time. 
Thus, a smal l  e r r o r  s i g n a l  i n t e g r a t e d  over  a  long per iod of time w i l l  p rovide  
a l a r g e  e r r o r  s i g n a l  f o r  r a t e  conerol .  
This technique i s  e a s i l y  adapted t o  high-power systems t h a t  need high- 
e f f i c i e n c y  e l e c t r o n i c s  t o  d r i v e  l a r g e  motors. Th i s  des ign approach can be 
a p p l i e d  t o  t h e  motor f o r  l a r g e  ou tpu t  power l e v e l s ,  y e t  keep t h e  e l e c t r o n i c s  
small i n  s i z e  because of t h e  h igh  e f f i c i e n c y .  
P o s i t i o n  Control  
A simple method (Figure  8)  f o r  smart motor p o s i t i o n  c o n t r o l  i s  t o  count 
t h e  output  s i g n a l  from t h e  comparator. This  s i g n d ,  c o n s i s t i n g  of s i x  p u l s e s  
irom t h e  p o s i t i o n  sensor  f o r  each m t o r  r e v o l u t i o a ,  can be used t o  determine 
e x a c t l y  how many revo lu t ions  the  Totor r o t a t e s  t o  a  g iven p o s i t i o n .  
The g r a n u l a r i t y  of t h i s  p o s i t i o n  c o n t r o l  technique i s  very  good. Use of 
t h i s  smart motor i n  a  dua l  d r i v e  having a  gea r  r a t i o  of 880:l d i l l  provide 
580 x  6 = 5280 p o s i t i o n  inc reuen t s  pe r  d u a l  d r i v e  output  r evo lu t ion .  This 
amounts t o  more than 212 b i t s  of informat ion p e r  output  r evo lu t ion .  
Reasonably p r e c i s e  p o s i t i o n  c o n t r o l  can be achieved when output  g e a r i n g  
backlash/index e r r o r s  a r e  minimized and output  s t i f f n e s s  i s  maximi zed. 
For p o s i t i o n  c o n t r o l ,  a  b ina ry  address  can be provided corresponding t o  
the  d e s i r e d  p o s i t i o n  t o  be achieved.  If t h e  b ina ry  code address  i s  d i f f e r e n t  
from the  binary  code genera ted from t h e  s e r i a l  d a t a ,  t h e  d r i v e  p u l s e s  w i l l  be 
provided. When t h e  genera ted binary  code e q u a l s  t h e  b inary  code address ,  t h e  
d r i v e  pu l ses  t o  t h e  motor w i l l  s t o p  and t h e  motor w i l l  be a t  t h e  d e s i r e d  
p o s i t i o n .  
MOTOR CIRCUIT 
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ADDRESS 1 I 
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Figure  8. P o s i t i o n  c o n t r o l  diagram 
- 
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I f  t h e  generated binary  code i s  lower than the  address  code, a  d r i v e  
s i g n a l  wi th  a  given sequence w i l l  be provided t o  t h e  motor and w i l l  i nc rease  
the  genera ted binary  code. Conversely, i f  t h e  des i red  address  i s  l e s s  than 
t h e  genera ted binary  code, the  motor w i l l  be dr iven t o  decrease  t h e  generated 
binary  code t o  t h e  des i red  address .  The e r r o r  s?gnal  caused by the  two binary  
codes w i l l  provide t h e  sequence d r i v e  pu l se  t o  the  motor from t h e  microproces- 
s o r ,  which w i l l  c o n s i s t  of t h r e e  p u l s e s  i n  proper  phase sequence,  Th i s  
c o n t r o l  technique is  a n  incrementa l  method of e s t a b l i s h i n g  p o s i t i o n ,  and t h e  
i n t e r r u p t i o n  of power w i l l  r e s u l t  i n  l o s s  of d a t a  r e fe rence .  The motor d e t e n t  
torque and gea r ing  s t a t i c  f r i c t i o n ,  however, w i l l  hold t h e  last  commanded 
p o s i t i o n  u n t i l  power i s  res to red .  (The dua l  d r i v e  gear ing can be s e l e c t e d  t o  
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Figure 10. Size comparison: (a) dual drive motor with discrete electronic 
components, (b) smart motor with hybrid electronics 
Expansion of the smart motor technology into higher-powerllong-life 
applications will require consideration of a number of potential improvements. 
The principal limitations include direction reversing, power dissipation in 
the circuit components, and stability of the circuitry under "worst-case" 
environmental conditions. 
Direction Reversals 
Some applications may require that the motor rotational direction be 
reversed thousands of times during the normal lifetime of a spacecraft 
system. T,le use of mechanical relays is usually considered to be impractical 
when this amount of switching is needed. An alternate and more reliable 
switching scheme is possible by modifying the motor current control circuit. 
The motor's direction of rotation can be reversed using an electronic circuit 
to reverse the voltage on the position sensor circuit (Figure 11). This will 
provide direction control and proper phase sequence of the sensor signals. 
This cmtrol technique also hhs the advantage that the transistors are a1.l 
operated as switches, either full "ON" or full "OFF," thus making them 
efficient. L C  is also in~pcrtant that the "ON-OFF" relationship of the 
traasistor pairs be maintained. This will be ensured if a single component 
(binary flip-flop) is used to provide both the positive and negative signal6 
simultaneously. 
Power Dissipation 
The present dual drive motor has a very low operating power level (3 W at 
no load speed, 13 W at stall) and it was not necessary to optimize the power 
dissipation of that unit. For larger motors, however, the power dissipation 
characteristics of the circuit can be significantly improved. 
The present motor design uses a switching power transistor configurdtion 
called a Darlington Pair (Figure 12). Under worst-case conditions, a voltage 
drop of 1.7 Vdc can occur across that portion of the motor circuit. This 
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Figure 11. Direction control without mechanical relays: (a) CW command 
diagram, ( b )  CCW command diagram 
results in increased power dissipation within the transistors and a reduction 
in output efficiencv. 
Figure 12 shows an alternate method for power switching. This config- 
uration called a complementary driving circuit, will allow the power transis- 
tors to saturate fully. Use of this circuit will rssult in a greatly improved 
switching effic:. -,y with a worst-case voltage drop of only 0.2 Vdc, and in 
a complementary circuit power stress level of approximately 118 (12 percent) 
of the level expected in the Darlington configuration. This significant 
improvement becomes very important when the higher-power configurations are 
considered. With the complementary configuration, the transistor environmental 
temperature can increase sig~ificantly without high temperature over-stress. 
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Figure 12. Comparative motor driver circuits: (a) Darlington circuit diagram, 
(b )  complementary circuit diagram 
Alternately, the amount of current can be increased by a factor of eight with 
the same transistor and heat sink configuration. This would permit the use of 
the same size of transistor to drive a motor about eight times larger than the 
present configuration. It reduces the requirement for special heat sinks for 
the power transistor to prevent over-stress conditions. The lower voltage 
loss in the power transistor also results in a power gain in the motor. This 
becomes very important when operation is at the minimum voltage conditim. 
There will be as much as 6 percent more power available to the motor simply 
from the circuit configuration when the voltage is 24 Vdc. This added gain, 
coupled with the higher power-handling capability, makes the complementary 
circuit very attractive for higher-power applications. 
Circuit Stability 
At present, the maximum and minimum operating temperature limits (-51 
to +71° C) of the dual drive motor are constrained by the voltage stability 
of the position sensor circuit. A major improvement of the stability can be 
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provided through the use of a constant current control (Figure 13). This 
technique provides a constant reference voltage to the sensor circuit 
regardless of input power variations and achieves control of the sensor circuit 
current. 
The constant reference voltage can be tailored to have a zero temperature 
coefficient, which will give a more uniform signal output control. In fact, 
the circuit can be designed to compensate for the negative temperature 
coefficient of the sensor elements, thereby eliminating the temperature 
effects on the output signals, and significantly increasing the operating 
temperature limits of the motor. 
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Figure 13. Constant current diagram. Constant current applied to bridge 
permits uniform EREF independent of source voltage. E S ~ ~ ~ ~ ~  
is more uniform and independent of source voltage or temperature. 
VCE(SAT) of switch transistors is very small and almost 
constant. CW and CCW command change phase of sensor cPrcuiL same 
as in Figure 11. 
SMART MOTOR BENEFITS 
The benefits of this new technology can be graphically demonstrated by 
comparing the future "smart drive system" with earlier systems. The NASAIJPL 
Seasat spacecraft, launched in 1978, contained a drive system that had been 
developed in the mid-1970s. The Seasat solar array drive system consisted 
of two rotary drives weighing a total of 10 kg (22 lb) and an electronic con- 
trol box weighing 5 kg (11 lb). Figure 14 shows a schematic diagram of one 
of the two electronic circuits contained within the control box. The shaded 
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portion of the circuit is equivalent to the entire smart motor circuit required 
to perform the same job. Studies are being conducted of dual drivelsmart 
motor combinations for similar drive systems. It is estimated that the "smart 
system" will weigh only 2.7 kg (6 lb) total, that the electronic control box 
can be totally eliminated, and that the total system cost will decrease by 
a factor of approximately 50 percent. 
The versatility of a smart clotor has now been presented. The 
incorporation of a few additional electronic interfaces into the motor greatly 
increases the capabilities of that unit. These approaches use simple, 
conventional electronic designs. The innovation is in the synergistic 
combination of separate technologies. 
The current development work at JPL is aimed at  facilitating the develop- 
ment of smart motors that will be the maximum number of usable interfaces 
and capabilities consistent with performance and packaging constraints. JPL 
is working with the aerospace motor industry to develob and qualify unit config- 
urations that will be usable for widely differing applications. This develop- 
ment is a lengthy task with a number of sequential steps rec,uired tc perfect 
the motor design and to ensure that stringent aerospace electronic design 
standards are met. JPS's motor development program, however, allows sufficient 
lead time to maximize the usefulness of smart motors. We expect that within 
3 to 4 years the motor industry will be a complete line of fully analyzed, 
fully qualified smart motors available for the complex mechanisms of the 
future. 
ACKNOWLEDGMENT 
The research described in this paper was performed by the Jet Propulsion 
Li.boratory, California Institude of Technology, under contract with the Na- 
tional Aeronautics and Space Administration. 
